(OBIC) imaging has been used for the first time to examine the internal structural effects of electrical stress on thermally-isolated polysilicon resistors. The resistors are examined over a wide range of current densities, producing Joule heating up to -1200 "C. Throughout this current density range, the OBIC images indicate a clustering of dopant under dc stress and a more uniform distribution under ac conditions. The OBIC images also reveal areas that are precursors to catastrophic resistor failure. In addition to OBIC imaging, conventional electrical measurements were performed, examining the polysilicon resistance degradation and time-to-failure as a function of electrical stress. The electrical measurements show a monotonic increase in polysilicon resistor lifetime with frequency (up to 2 kHz) when subjected to a bipolar ac stress. The enhanced lifetime was observed even under high temperature (from Joule heating) stress conditions previously reported to be electromigration-free [ 13. The dopant redistribution indicated by the OBIC images is consistent with an electromigration stress experienced by the polysilicon resistors. The implications for thermallyisolated polysilicon resistor reliability are examined briefly.
INTRODUCTION
Polysilicon interconnections are used throughout the microelectronics industry. In addition to integrated circuit (IC) uses, polysilicon resistors have found applications as micro-heaters, spectrometer infrared light sources, and temperature sensing elements [ l , 21 . The stability and reliability of polysilicon are issues at high frequencies, high current densities, and elevated operating temperatures. Electrical stress on polysilicon resistors is normally considered to be a function of current density and temperature. At high current densities (2106 A/cm2) electromigration effects have been reported with accompanying resistance changes attributed to redistribution of dopant species in encapsulated resistors 131. Resistance variations have also been observed at 'ower current densities (-105 A/cm2) in thermally-isolated, micromachined resistors [2, 41. A large initial drop in resistance is also observed during stressing of thermally-0-7803-2031-X/951$4.00 ' 1995 IEEE isolated polysilicon resistors at high Joule heating temperatures. Two proposed mechanisms for the resistance decrease are recrystallization and subsequent polysilicon grain growth [ 11 and grain boundary dopant segregation [SI during self-heating. Earlier reports found no evidence of electromigration for thermally-isolated, stressed resistors [ 11. For each of these mechanisms (electromigration and high temperature stress), a local variation of the polysilicon Fermi level is produced.
We have, for the first time, applied high gain OBIC [6, 71 imaging to thermally-isolated polysilicon resistors to analyze the distribution of Fermi level changes for different stress conditions. The physics of OBIC signal generation in polysilicon are described. The OBIC data acquisition system is also discussed. The OBIC results illustrate how the internal structural changes in polysilicon resistors can be directly observed over a wide range of stressing conditions. Electromigration effects at high temperature (-1 100 'C) are clearly seen in the OBIC images. Resistance degradation and lifetime measurements are also reported and are shown to agree well with the OBIC imaging results.
POLYSILICON RESISTOR STRUCTURE
The polysilicon resistors were fabricated in a MOSIS foundry service using a 2.0 pm double metal, double polysilicon, n-well CMOS process [8] . A post-process etch step was used to remove the exposed silicon substrate material to create the suspended resistor structure [4] . Fig. 1 shows a schematic cross section of a resistor. The resistor structure is a sandwich of field and CVD oxides that encapsulate a polysilicon resistor. The 4000 A thick, 4 pm wide, CVD polysilicon film is doped in-situ with phosphorous, resulting in a sheet resistance of 21 Wsq. A scanning electron micrograph of a thermally-isolated polysilicon resistor is shown in Fig. 2 .
CONVENTIONAL STRESS TESTING RESULTS
Life tests were conducted by applying dc, bipolar, or unipolar currents with an HP 324SA universal source or an HP8116 function generator. Failure was defined as a tenfold increase from the initial resistance. The devices were stressed either in ceramic packages or as die on a probe station. The stress was removed during resistance measurement.
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DC Stressing
Fig. 3 displays the variation in resistance resulting from constant current dc stressing. To determine the resistance, the voltage was measured with 0.1 mA applied current. Two features stand out in Fig. 3 . First, there is an initial drop in resistance that occurs for high stress current density. The initial drop in resistance is proportional to the stress current density, but does appear to saturate at high current densities (2.2 x lo5 and 2.1 x lo5 Nan2 have similar resistance drops). One mechanism proposed for the reduction in resistance is polysilicon recrystallization and subsequent grain growth when the Joule heating is in excess of 800 'C [9] . For a given dopant concentration, it has been shown that the polysilicon resistivity decreases with increasing grain size [lo] . A secoud possible mechanism for the reduced resistance is dopant segregation from the grain boundary into the polysilicon grains at high temperature [5] . The resistance reduction phenomenon is repeatable and has been proposed as a polysilicon resistor trimming procedure [ 111. Constant Current Stress At current densities above 2.0 x 10' A/cm2, the resistors are visibly incandescent, making thermal gradients easily observable. Fig. 4 is an incandescent image using a 2.1 x IO5 A/cm2 current density.
As the shape of the incandescence in Fig. 4 illustrates, the four field oxide "arms" supporting the resistor structure (Fig. 2) provide some "heat sinking" at the corners of the resistor. From power calculations, the temperature of the resistor was -1 100 "C. The temperature of the polysilicon resistor during current stress is estimated by experimentally obtaining the temperature coefficient of resistance (TCR) of the polysilicon. This is performed by heating a resistor on a wafer hot-chuck and measuring the resistance versus temperature in the range between 27 "C and 400 "C. It was noted that the resistance versus temperature characteristic is not entirely linear, especially, at temperatures exceeding 250 "C. A quadratic expression is used to obtain the best possible fit to the characteristic and the coefficients were used to extrapolate to higher temperatures. The resistors are too small to use pyrometry.
The resistance versus temperature characteristic is observed to shift after stress. This shift is a function of stress current and stabilizes after the first several seconds of stress. Such a shift is probably due to stress-induced changes in the polysilicon and is analogous to changes in the TCR of metals due to impurities and microstructural scattering centers [ 121.
Once the resistance versus temperature characteristic was determined for a particular stress condition, the temperature was calculated by measuring the resistance increases due to the Joule heating of the film.
The second feature seen in Fig. 3 is the change in resistance with time. There is an abrupt increase in resistance with continued stressing at 1.7 x lo5 A/cm2 (-750 "C) and above and a gradual increase with a 1.3 x lo5 Akm2 (-475 "C) stress. The abrupt resistance increase occurs sooner for higher stress current densities. The abrupt increase represents catastrophic failure. The gradual increase is believed to be due to thermomigration [2] and electromigration [3] of dopants. Thermomigration of the dopants occurs when there are thermal gradients along the polysilicon resistor. The dopants diffuse from the hotter regions and cluster in the cooler areas [2] . The incandescent image shown in Fig. 4 illustrates areas of varying photon emission intensity and therefore, varying temperature (brightest = hottest). The image was acquired using a standard video camera on an optical microscope. Thermomigration will tend to drive the dopant to the periphery of the resistor, away from hotter central region. Dopant electromigration in polysilicon, as in metals, is manifested by movement of dopant atoms via momentum transfer from the "electron wind" of current stressing [3] . In either the thermomigration or electromigration case, a small change in dopant distribution can greatly affect the overall resistance of a polysilicon resistor [ 111. Although too small to be seen in Fig. 3 , there is a gradual resistance increase under stress conditions 2 1.7 x lo5 A/cm2 after the initial resistance drop. This slight increase may be the result of electromigration with continued stress. The second feature seen in Fig. 5 is an abrupt increase in resistance with continued ac stressing (following a period of slowly increasing resistance). The time to the abrupt change increases with increasing frequency. The increased time to failure with ac stressing demonstrates an electromigration effect similar to that seen in metals [ 131.
AC Stressing
These results contradict earlier work that identified no electromigration effects [l] . Under ac bipolar current stress, the "electron wind" produces dopant oscillation, but will not yield net movement unless the dopant is trapped at a defect. The higher the stressing frequency, the shorter the distance a dopant travels before the electric field and the dopant direction reverse. The shorter travel distance decreases the probability that a dopant will encounter an anomaly (trap or getter site) in the polysilicon and increases the probability of observing the "time reversal" aspect of ac stressing. Fig. 6 displays the relationship between the time-to-failure and ac stressing frequency. The sample size for the 95% confidence-interval bars is between 4 and 7, indicating a very tight distribution. The confidence-interval bars at 1 kHz and 2 kHz are smaller than the plotting symbol and are not visible. Above 100 Hz there is a monotonic increase in the time-to-failure with stress frequency. Unfortunately the test setup could not exceed a 2 kHz frequency. Below 100 Hz there is a slight increase in lifetime compared to the dc stressing condition, but the lifetime is fairly "flat" over the 0.1 to 100 Hz range.
The "flat" region probably results from stressing half periods (dopant travel distances) where the probability of interacting with an anomaly is constant. The third feature seen in Fig. 5 is a slight decrease in the initial resistance drop with increasing frequency. The decrease has been observed before, but was considered insignificant and possibly due to intrinsic differences in the pre-stress resistance and subsequent self-heating [ 11. The frequency dependence of the initial resistance drop seen in Fig. 5 suggests a more fundamental mechanism than sample variation, possibly related to the effects of momentum transfer or a change in the resistor's Joule heating response for ac versus dc stress. The temperatures we report in this paper are based on the assumption that ac and dc stress of the same amplitude will produce the same temperature increase. Qualitatively, the ac and dc incandescent images appear identical for the same stress amplitude. 
OBIC ANALYSIS
OBIC images are obtained from polysilicon resistors to examine the changes in internal structure of the resistors with applied stress. Stress is applied using either the HP universal source and function generator described earlier or the OBIC system with the equipment described below. OBIC images are produced by monitoring the current flow through the resistors as a focused laser beam is scanned across the sample.
OBIC System and Signal Generation
A block diagram of the OBIC system is shown in Fig. 7 .
The scanning optical microscope (SOM) is a Zeiss Laser Scan Microscope. A 5 mW, 633 nm, HeNe laser is used.
A pair of galvanometer-driven mirrors move the laser spot across the field of view in a 512 x 512 pixel raster. A photomultiplier detector is used to produce reflected light images.
Some electrical stimulus of the polysilicon resistors is performed in the SOM system. This stimulus is provided by a Keithley 236 source measurement unit and an HP81 11A function generator. Electrical connections to the packaged resistors are selected using a simple switch box.
The OBIC technique uses the polysilicon resistor as the detector. OBIC signals are obtained by measuring the current from an unbiased polysilicon resistor as the SOM laser beam was scanned across the structure. A GW Electronics Type 31 current amplifier is used in our experiments. The laser injects no charge, but does produce electron-hole pairs in the polysilicon. Random recombination of the electron-hole pairs produces no OBIC signal, but non-random recombination, which occurs in the presence of a Fermi level gradient (e.g. local electric field), generates an OBIC signal across the resistor terminals. No bias is applied to the resistor during OBIC imaging, so all current flow is generated by Fermi level gradients. The OBIC currents (-10 PA) are about 5 orders of magnitude smaller than those normally used in OBIC imaging and require a correspondingly higher amplifier gain. Slow scanning and frame averaging are performed to compensate for the increased noise associated with higher amplifier gain. A 10 second per frame scan rate and averaging of 8 to 10 frames are used to obtain the OBIC images. 
QBIC Results on Stressed Polysilicon Resistors
The OBIC imaging system described above is used to examine polysilicon resistors after stress with dc, bipolar ac, and mixed ac/dc currents. The stress applied to structures for QBIC analysis is current ramped from zero mA to the target stress current over -20 seconds. The ramped current reduces the thermal shock to the polysilicon resistor under high stress conditions. If ramping is not used or too fast, melting of the encapsulating oxide and the mismatch in thermal expansion between the polysilicon and oxide 1141 produces non-uniform oxide reflow on the surface of the polysilicon resistor (Fig. 8) . The reflow obscures the OBIC image. Current ramping over 20 seconds is used for all resistor stressing except the dc results presented in Fig. 3 , where 2 second ramps are used (using no ramping occasionally produced immediate catastrophic failure). No OBIC imaging is performed on the samples for Fig. 3> so the oxide reflow is not a concern. As a check, the resistance variation from dc stressing with 20 second current ramping was examined. The results are identical to those shown in Fig. 3 .
DC Stressed Polysilicon Resistors: An example of OBIC analysis applied to a dc stressed, thermally-isolated polysilicon resistor is shown in Fig. 9 . The resistor shown had been dc stressed at 2.1 x lo5 A/cm2 for 100 seconds after the current ramp. From power calculations, the temperature of the resistor is -1100 OC under these stress conditions. The resistance value before stress is 2.2 kR. After 100 seconds of stress the resistance value is 1.4 kR. It is noted that the resistance drop actually occurs in less than 10 seconds. The resistance increases slowly during the subsequent stressing prior to failure. There is an overall bright to dark shading from top to bottom in the OBIC image of the resistor in Fig. 9 . The shading is produced by the difference in resistance path from current generating areas on the resistor to the OBIC amplifier.
A schematic of OBIC signal generation is shown in Fig.  10 . The top of the resistor is connected to the input of the OBIC amplifier. Currents produced in this area have a lower ohmic path to the amplifier and produce a brighter signal. The bottom of the resistor is connected to ground. Currents produced towards the bottom of the resistor have a lower ohmic path to ground and appear dark. At several locations along the length of the polysilicon resistor there are abrupt bright to dark contrast changes. The signals in these locations result from local gradients in the Fermi level.
An incandescent image of the polysilicon resistor in Fig. 9 is shown in Fig. 4 . Note that the transition regions of bright to dark in the incandescent image align well with the OBIC contrast variations. This is consistent with the dopant thermomigration described above. The dopants are believed to diffuse from warmer areas, abruptly slowing their motion when coming in contact with a cooler region. Electromigration would also follow the thermal profile, with faster dopant motion in the hotter regions of the resistor. The diffusion (depletion) and subsequent clustering (accumulation) of dopant yield a varying Fermi level along the polysilicon resistor and therefore give rise to OBIC image contrast. DC stress at lower current densities did not produce the initial drop in resistance, but did yield increased resistance for longer stress times. Fig. 11 i s an OBIC image of a resistor dc stressed at 1.1 x IO5 Ncm2 for 48 hours. The resistance increases by 6% over this period (2.08 kQ to 2.20 kQ). The calculated temperature of the resistor is -170 "C under these conditions. The OBIC contrast in Fig. 11 is reduced and is distributed differently as compared to Fig. 9 . The areas of contrast change (accumulation-depletion regions) occur along the left-to-right lengths of the golysilicon resistors, similar to electromigration effects observed at 180" turns in metal test structures. Fig. 13 shows an OBIC image of a resistor dc stressed similarly to the resistor in Fig. 11 , but the current direction is reversed. Note that the bright to dark contrast variations occur in the same locations as in Fig. 11 and are not reversed as might be expected. The implications of this are addressed in the Discussion. Fig. 14 . This is the site of resistor failure after subsequent stressing. Optical inspection of this site showed no anomalies immediately before failure. The strong OBIC signal probably results from variations in dopant around a developing void. Thermal gradients produced by the scanning laser at a void may also be contributing to the enhanced signal [ 151.
The overall OBIC signals in Fig 14. are stronger than those observed in the other resistors shown, resulting in less image noise. The relative increase in overall OBIC signal is consistent with the greater stress "damage" (greater dopant clustering) of this "about-to-fail" resistor.
AC Stressed Polysilicon Resistors: An OBIC image of an ac stressed resistor is shown in Fig. 15 . The stress conditions are similar to those of the resistor in Fig. 9 (2.1 x IO5 A/cm2), but the stress is applied as a I kHz, + 2.1 x lo5 A/cm2, bipolar square wave for 100 seconds. AC incandescent images show the same heating effects as seen with de images at 2.1 x lo5 Ncm'.
As before, the temperature under these stress conditions is -1 100 OC. As with dc stressing, the initial resistance is 2.2 kQ, which decreases to 1.3 kQ after 100 seconds of stress. The OBIC image in Fig. 15 shows the overall resistance signal (shading) seen earlier, but none of the clustering of Fermi level gradients. The fact that an OBIC signal is generated Fig. 12 . An OBIC image of the resistor shown in Fig. I1 before any stressing.
after ac stressing demonstrates that there are Fermi level gradients in the resistor, but the absence of abrupt OBIC contrast variations along the resistor implies a more uniform distribution of gradients than in the dc stressed resistors. The differences in the OBIC signals from ac versus dc stressing also indicate that the mechanisms producing the abrupt Fermi level gradients involve electromigration, even for high temperature stress conditions that were previously thought to induce gradients by thermal effects alone [I] . 15 . OBIC image of a resistor ac stressed at high temperature (-1100 "C, 2 2.1 x lo5 A/cm2, 1 kHz) for 100 seconds. Fig. 16 is an OBIC image of a resistor stressed for 58,000 seconds (1 6 hours) with a 1 kHz, 1.6 x IO5 A/cm2 bipoiar square wave at -730 "C. For this relatively long, high current stress condition, some clustering of the OBIC signal can be seen.
AC stressing at low power levels produces no change in the OBIC image. Fig. 17(a) is an OBIC image of a resistor before stressing and Fig. 17(b) is an OBIC image of the same resistor after a 1 kHz ac stress of k1.1 x lo5 Ncm2 for 48 hours. As in the dc case, the temperature is -170 "C under these conditions. The resistance was 2.1 kQ before and after the stressing. Note that there is essentially no difference between the OBIC images. Mixed Stressing of Polysilicon Resistors: AC stressing of a polysilicon resistor after dc stressing of the same magnitude and time produced no additional clustering in the OBIC images. However, dc stressing after ac stressing produced OBIC images resembling the dc stressed example. In both cases, mixing of ac and dc stressing produced net dc results, as would be expected for electromigration phenomena.
TEM ANALYSIS
The microstructure of the polysilicon resistors was investigated with transmission electron microscopy (TEM).
Cross-sectional samples were prepared of both a stressed (2.0 x IO5 A/cm2 dc current for approximately 100 seconds) and an unstressed resistor. The sections of the two samples were oriented to slice through all the fingers of each resistor. Fig. 18(a) is representative of the microstructure of the unstressed sample, and Fig. 18(b) shows the microstructure of one of the center fingers (which experienced the greatest amount of heating) of the stressed resistor. Both the stressed and unstressed polysilicon exhibit columnar grains with the grain size on the order of the layer thickness, 0.4 pm. Comparison of the TEM images from all the fingers of the two resistors shows no appreciable difference in microstructure between the unstressed polysilicon resistor and a resistor stressed at 2.0 io5 A /~~~ (-1 100 "c). 
DISCUSSION
OBIC imaging and conventional electromigration testing present a consistent picture of thermally-isolated polysilicon degradation resulting from high temperature, elevated current stress. The effects of dopant clustering during dc stressing are observed as areas of changing OBIC contrast. The areas of OBIC contrast are consistent with regions of thermal gradients as seen in the incandescent images. Note that one would also expect electromigration effects to follow the thermal profile. That is, electromigration occurs faster in hotter regions.
However, the polysilicon degradation under high stress conditions is not totally driven by thermal processes. The ac stressing produces a similar reduction in resistance, but the subsequent abrupt resistance increase (catastrophic failure) with continued stress occurs at a later time. OBIC images of ac stressed samples illustrate an increase in OBIC signal, but fewer of the abrupt contrast changes observed with dc stress. The differences in OBIC signals between dc and ac stress occur even though the thermal gradients are similar, as evidenced by the incandescent images. Clearly, an electromigration-type momentum transfer contributes to dopant motion in the polysilicon, even at very high temperatures.
The increase in time-to-failure with ac stress is also consistent with electromigration-type effects. In a defect free crystal, an ac stimulus provides a net zero momentum transfer over the period of the stressing signal. In a polycrystalline resistor, which does contain defects, the longer the period of ac stress, the greater the probability that a dopant atom will interact with an anomaly and not be able to return to its original state under electric field reversal. The "flat" region from 0.1 to 100 Hz in Fig. 6 probably represents stressing periods (dopant travel distances) where the probability of interacting with an anomaly is constant.
A previous study [l] attributed the abrupt drop in polysilicon resistance at high temperatures to recrystallization of the polysilicon, but did not include a microstructural examination. The TEM results obtained in this study show that appreciable grain growth does not occur during stressing, and thus another mechanism is responsible for the drop in resistance. The roles of both carrier trapping and dopant trapping at the grain boundaries have been examined for electrical conduction in polysilicon [5] . Both phosphorous and boron segregate to polysilicon grain boundaries at relatively lower temperatures. The reduction in carrier concentration (and hence increased resistivity) at lower temperatures is due to this segregation effect. When the dopant segregates to the grain boundary it becomes electrically inactive and the resistivity increases. Conversely, at higher temperatures the segregation is less and the carrier concentration rises. This result is consistent with our finding that the polysilicon resistance drops upon heating above -800 "C and that the resistance drop is greater the higher the stress temperature. The saturation observed above 2.1 x lo5 A/cm2 in Fig. 3 is also consistent with reference [ 5 ] , which shows that the increase in carrier concentration as a function of temperature saturates around 1000 "C.
OBIC imaging and electrical testing at reduced temperature and current presents a consistent trend as well. At low temperatures (current densities) there is little or no dopant segregation. This is displayed by the absence of resistance decrease during electrical testing. There is also no strong OBIC contrast such as that seen with high temperature stressing. Low temperature dc stressing does produce an increase in resistance over an extended time.
The OBIC images of low temperature, dc stressed resistors show areas of accumulation and depletion along the length of the resistor. Low temperature ac stressing produces no increase in resistance and no changes in OBIC contrast.
The reliability implications of these effects are straightforward.
Lifetime is improved by operating polysilicon resistors under ac bias and increased frequency (up to 2 kHz examined). Even at very high temperatures (-I IO0 "C) momentum transfer mechanisms are not overwhelmed by thermomigration. AC operation retards the development of Fermi level gradients and the accompanying increases in resistance which lead to failure. Similar heating can be achieved with both ac and dc operation, so no heater performance loss should be realized. Broad band infrared emission may have detectable variations in intensity at the ac driving frequency. These at-frequency variations should be researched, but even if they exist, acquiring data at a frequency different than the driving frequency or filtering data at the driving frequency compensates for any effects.
In addition to ac biasing, a gradual increase (over several seconds) in temperature should be used for high temperature operation. The ramp up avoids the thermal and mechanical stressing that damages the passivation layer.
The following unexplained experimental results define two areas for future work. First, there is the slight decrease in resistance drop with increasing frequency after initial ac stressing. The same stressing currents should produce similar thermal profiles and therefore the same amount of dopant segregation and resistance decrease. The fact that the resistance does not have as great a decrease at higher frequencies indicates a reduced amount of dopant segregation. The segregation may be affected by thermal and mechanical relaxation times, net momentum transfer, and other mechanisms not considered here.
Second, the fact that the accumulation and depletion of dopant is independent of current direction during low temperature, dc stressing has not been explained. This may be similar to electromigration, in that a void or hillock nucleation site will produce a void or hillock when stressed, independent of the "electron wind" direction. Similarly, areas of the polysilicon resistor may act as getters for dopant atoms under low temperature stressing, producing accumulation and depletion regions independent of the net momentum direction. The differences between the dc and ac stressing results indicate that the dopant atoms must have a net non-zero momentum transfer to produce OBIC contrast (accumulate in the getter regions), but the thermal, mechanical and material properties that produce the gettering regions have not been identified.
CONCLUSIONS
The application of small signal OBIC imaging to the examination of stressed polysilicon resistors demonstrates, for the first time, that the expected changes in Fermi level with stress can be directly observed. The OBIC technique permits nondestructive localization of internal polysilicon material variations that have no observable morphologic signatures.
Electromigration effects have been observed in OBIC images and in time-to-failure measurements for high temperature conditions. Polysilicon resistor reliability can be increased by ac operation under moderate frequency conditions. This will not impact polysilicon heater performance but may produce an ac intensity transient in spectroscopy applications.
